Prion protein consists of an ensemble of glycosylated variants or glycoforms. The enzymes that direct oligosaccharide processing, and hence control the glycan profile for any given glycoprotein, are often exquisitely sensitive to other events taking place within the cell in which the glycoprotein is expressed. Alterations in the populations of sugars attached to proteins can reflect changes caused, for example, by developmental processes or by disease. Here we report that normal (PrP C ) and pathogenic (PrP Sc ) prion proteins (PrP) from Syrian hamsters contain the same set of at least 52 bi-, tri-, and tetraantennary N-linked oligosaccharides, although the relative proportions of individual glycans differ. This conservation of structure suggests that the conversion of PrP C into PrP Sc is not confined to a subset of PrPs that contain specific sugars. Compared with PrP C , PrP Sc contains decreased levels of glycans with bisecting GlcNAc residues and increased levels of tri-and tetraantennary sugars. This change is consistent with a decrease in the activity of N-acetylglucosaminyltransferase III (GnTIII) toward PrP C in cells where PrP Sc is formed and argues that, in at least some cells forming PrP Sc , the glycosylation machinery has been perturbed. The reduction in GnTIII activity is intriguing both with respect to the pathogenesis of the prion disease and the replication pathway for prions.
T
he transmission of prion diseases, also known as spongiform encephalopathies, involves conversion of the normal prion protein (PrP C ) into a disease-causing conformer (PrP Sc ) (1) . Considerable data argue that prions are infectious proteins composed exclusively of PrP Sc ; the formation of PrP Sc involves the acquisition of a large amount of ␤-sheet and a modest reduction of ␣-helix (2) .
Prion protein contains two conserved N-glycosylation sites (Asn-181 and Asn-197 in Syrian hamster). The functions of the sugars are not yet established, although transgenic mice expressing prions with deletions of one or both glycosylation sites show unusual patterns of PrP Sc deposition (3) . It has also been proposed that specific SDS͞PAGE banding patterns, which represent the protease-resistant core of PrP Sc (designated PrP 27-30) with zero, one, or two occupied glycosylation sites, correlate with different strains of prions (4) . This hypothesis has proved controversial and the subcellular trafficking of PrP argues against strain-enciphered properties being specified by sugar chains (5) (6) (7) (8) (9) . At present, no detailed comparisons of the glycosylation between PrP C and PrP Sc have been reported although earlier studies of PrP 27-30 from Syrian hamsters (10) (11) (12) (13) (14) and mice (15) have indicated that glycosylation is complex. A recent study of murine PrP Sc glycans by MS (15) has shown that both sites are partially occupied and that they contain different but overlapping sets of sugars.
We have now compared the composition of the oligosaccharide pool released from PrP C isolated from normal Syrian hamster (SHa) brains (PrP C ) with that of the pool of sugars released from PrP 27-30 isolated from the brains of scrapieinfected hamsters.
Materials and Methods
Preparation of PrP C and PrP 27-30. Full-length PrP C was prepared from adult SHa brains by using the mAb 3F4 bound to protein A agarose. PrP C was then passed through protein A Sepharose and a TSK 3000 HPLC GPC column to remove low levels of IgG and glucose polymers leached from earlier columns. Fractions containing PrP C were pooled and dialyzed overnight at room temperature against MilliQ pure water containing 0.005% NaN 3 and lyophilized before hydrazinolysis.
PrP 27-30 was prepared from scrapie-infected SHa brain by digestion with proteinase K, which cleaves the N-terminal region of the protein leaving residues 90-231 (16) . Therefore, PrP 27-30 was representative of the whole population of conformationally altered PrP Sc in the brain including amyloid, PrP Sc attached to cell surfaces, and PrP Sc undergoing the cellular recycling process. PrP 27-30 was concentrated by sucrose gradient centrifugation. The pellet was resuspended in 1 ml of 6 M guanidine HCl for 18 h at 4°C. The protein was precipitated from guanidine HCl with 5 volumes of ethanol and centrifuged at 100,000 ϫ g for 30 min. The pellet was washed with ethanol and resuspended in 20 mM NaOAc (pH 5.5) and 0.1% SDS, finally purified by GPC on a TSK 3000 HPLC column, dialyzed into water containing 0.005% NaN3, and lyophilized before hydrazinolysis. Glycans were released in two separate hydrazinolysis reactions from two different preparations of SHa PrP 27-30 and PrP C and by peptide N-glycosidase-F from SDS͞PAGE gels following the procedure described previously (17) .
Release and Re-N-Acetylation of Glycans. Approximately 30 g of each protein was dialyzed against water and lyophilized. Glycans were released by hydrazine at 85°C and re-N-acetylated by using a GlycoPrep 1000 (Oxford GlycoSciences, Abingdon, U.K.).
Fluorescent Labeling of the Reducing Terminus with 2-Aminobenzamide (2-AB).
Released glycans were evaporated to dryness by using a vacuum centrifuge. 2-AB labeling was carried out by reductive amination by using the Oxford GlycoSciences Signal labeling kit (18) .
Simultaneous Exoglycosidase Sequencing of the Released Glycan Pool.
Glycan solutions were evaporated to dryness in a vacuum centrifuge. A total of 10 l of standardized enzyme solutions Abbreviations: PrP, prion protein; PrP C , normal PrP; PrP Sc , disease-causing conformer PrP; SHa, Syrian hamster; GNTIII, N-acetylglucosaminyltransferase III; A(1-4), the number of GlcNAc antennae linked to the trimannosyl core; G(0 -4), the number of Gal residues in the structure; F(1-4), the number of Fuc residues in the structure; H, hexose (Man, Gal); N, N-acetyl hexosamine; B, bisecting GlcNAc; S, sialic acid; MALDI-TOF MS, matrix-assisted laser desorption ionization-time of flight MS; 2-AB, 2-aminobenzamide. § To whom reprint requests should be addressed.
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(obtained from Oxford GlycoSciences) were added as follows and the mixtures were incubated for [16] [17] [18] [19] [20] [21] [22] [23] [24] 
MALDI-TOF MS.
Data were acquired on a Micromass AutoSpec-FPDQ magnetic sector instrument fitted with a pulsed nitrogen laser (337 nm) and an array detector (21), (Micromass, Manchester, U.K.). Samples were prepared by adding the oligosaccharide sample (1 l) in water to the matrix solution [3 l of a saturated solution of 2,5-dihydroxybenzoic acid (2,5-DHB) in acetonitrile] on the mass spectrometer target and allowing it to dry at room temperature. The mixture then was recrystallized from 1 l of ethanol (22) . The array detector was set to the high-resolution position and the mass range was set to be appropriate to the sample being examined. For data acquisition, the laser was operated at full power and the laser beam was moved manually over the sample to compensate for sample depletion under the laser beam. Molecular Modeling. This was performed on a Silicon Graphics Indigo 2 workstation by using INSIGHTII and DISCOVER software (Molecular Simulations, San Diego). Figures were produced by using the program MOLSCRIPT (23) .
Results and Discussion
The glycan pools from PrP C and PrP 27-30 were released by hydrazinolysis and the glycans were analyzed by MALDI MS ( Fig. 1 ; Table 1 ) and, after fluorescent labeling with 2-AB (18), by weak anion exchange chromatography (data not shown) and normal phase (NP) HPLC ( Fig. 2 ; Table 1 ). Structures were assigned from the MS compositions, NP HPLC elution positions expressed in glucose units, previously assigned incremental values for the addition of monosaccharide residues to glycan cores (19) and the results of digestions of each glycan pool by using arrays of exoglycosidases (24) (Fig. 2 ; Table 1 ).
Weak anion exchange chromatography (20) and MALDI MS analysis of the intact glycan pools (data not shown) both revealed that there was no significant difference in the relative proportions of the populations of sialylated structures in PrP C and PrP 27-30. In each case, Ϸ48% of the sugars were neutral, 20% contained one sialic acid residue, 18% were disialylated, 10% were trisialylated, 3.5% were tetrasialylated, and 0.5% contained five sialic acids.
The desialylated glycan pools also were analyzed by MALDI MS ( Fig. 1 A and B) . In both the PrP C and the PrP 27-30 spectra, 54 ion peaks with masses consistent with oligosaccharide structures were present. Many of these peaks contained isomeric glycans (Table 1) . NP-HPLC resolved at least 10 of these isomeric structures and confirmed that there are remarkably few differences between the two pools ( Fig. 2 Aii and Bii). The digestion products resulting from incubating the glycan pools with sialidase and almond meal fucosidase (specificity for fucose linked ␣1-3͞4 to GlcNAc) were consistent with the presence of outer-arm fucose forming part of a Lewis X -or sialyl Lewis X -type structures ( Fig. 2 Aiii and Biii). Analysis of the glycan pool following digestion with an enzyme array containing bovine testes ␤-galactosidase ( Fig. 2 Aiv and Biv) showed losses of galactose consistent with the presence of bi-, tri-, and tetraantennary structures containing core fucosylation (confirmed by incubation with bovine kidney ␣-fucosidase ( Fig. 2 Av and Bv). Incubation of the glycans in this fraction with Streptococcus pneumoniae ␤-N-acetylhexosaminidase at arm-specific concentration (5 milliunits͞ml, data not shown) confirmed the presence of bisected and unbisected bi-, tri-and tetraantennary structures and showed that the majority of triantennary glycans were branched on the ␣1,3 arm of the trimannosyl core.
The glycans that were identified on both PrP C and PrP 27-30 were typical of brain sugars in that they were heavily sialylated and contained a high proportion of structures with one or more outer arm fucose residues (59%) and with bisecting GlcNAc (25) . Ninety-five percent of the structures contained core fucose ( Fig. 2 Aiv and Biv). The nonbisected structures were found both with and without core fucose, whereas bisected structures were generally core fucosylated. After desialylation the major structure (Ϸ9.5% on PrP C and 7.9% on PrP 27-30) was the monogalactosylated biantennary glycan containing an outer-arm fucose residue [A2G1FBF(␣1,3 to GlcNAc) see footnote to Fig. 2 highlights the digestion of this oligosaccharide by the enzyme arrays.
The extent of the heterogeneity and the conservation of structures makes it unlikely that a subset of PrP C molecules ) ; N, HexNAc (GlcNAc); F, deoxyhexose (fucose). The table lists the number of each of these residues in the glycan. ʈ Structures are indicated as follows: A, number of antennae; G, number of galactose residues (numbers in parentheses indicate the antennae to which the galactose is attached, as determined by HPLC); F, number of fucose residues; B, presence of a bisecting GlcNAc; PolyLac, structure must contain at least one N-acetyllactosamine extension.
carrying particular sugars are predisposed to convert to PrP Sc . It is also unlikely that the protein structure around the glycosylation sites is significantly different in these two hypothetical sets of PrP C molecules when the glycan processing takes place in the Golgi apparatus, because the local threedimensional structure is known to play a role in directing its own glycosylation (26) . Previous work by Endo et al. (12) concludes that both glycosylation sites on SHa PrP 27-30 are occupied. Our preliminary data (data not shown) based on SDS͞PAGE analysis of SHa PrP 27-30 and PrP C suggest that there are no major differences in site occupancy between the two forms and that most SHa PrP glycoforms contain two occupied glycosylation sites. Therefore selective site occupancy and site-specific processing does not appear to explain the current data, nor is the level of site occupancy in itself a requirement for PrP Sc formation. However, variations in site occupancy may affect neuronal targeting of PrP C and thus selective deposition of PrP Sc (3) . Although the range of oligosaccharides in PrP C and PrP 27-30 was identical, the relative proportions of some glycans were different in the two forms. In particular, in the final digest , where all the outer arm sugars have been digested to reveal the structures of the glycan cores (Fig. 2 Av and Bv; Table 2 ), it became evident that the proportion of bisected glycans was reduced by 11% in PrP 27-30 compared with that in PrP C , whereas the proportion of tri-and tetraantennary glycans were increased by 5% and 10%, respectively. The ratio of bisected to nonbisected glycans in PrP 27-30 was 1.3:1 compared with 2:1 in PrP C . MALDI MS confirmed this finding. The difference spectrum (Fig. 1, lower trace) highlights the changes in concentration of all glycans from PrP 27-30 compared with those in PrP C and shows the reduction in the abundance of bisected sugars and an increase in the proportion of tri-and tetraantennary glycans in PrP 27-30.
Glycans were released in two separate hydrazinolysis reactions from two different preparations of SHa PrP 27-30 and PrP C and by protein N-glycosidase-F from SDS͞PAGE gels following the procedure described in ref. 17 . No significant differences in the proportions of the glycoform populations were seen in the final HPLC (error less than Ϯ1%) or in the MALDI profiles. Many enzyme digests were performed by using enzymes in arrays and singly to confirm findings. The data shown are from two representative analyses.
These results are most simply explained by a down-regulation of N-acetylglucosamine transferase-III (GnTIII) activity in the cells from which PrP Sc was formed. At any stage in the glycan processing, further branching is possible provided that a bisecting GlcNAc residue has not been added in ␤1-4 linkage to the conserved pentasaccharide core (Fig. 3) . Our data argue that a Fig. 2 . The normal phase HPLC analysis of the 2-AB labeled glycan pools derived from PrP C (A) and PrP 27-30 (B). Aliquots of the glycan pools were subjected to exoglycosidase digestions by using the enzyme arrays shown in each panel. Shaded peaks are those that contain sugars that are digested by the subsequent enzyme array. The traces show the presence of structural features as follows: Aii and Bii, outer arm fucose a1-3͞4 linked to GlcNAc; Aiii and Biii, galactose; Aiv and Biv, fucose linked to the core GlcNAc. In traces iv and v, peaks A-I contain the core fucosylated and nonfucosylated digestion products defined in Table 2 . ABS: Arthrobacter ureafaciens ␣2,3-͞␣2,6-sialidase; AMF, almond meal ␣-fucosidase, BTG, bovine testes ␤-galactosidase; BKF, bovine kidney ␣-fucosidase. Symbols are defined in Fig. 1 . showed that such hamsters also show frank neuropathologic changes (27) . Associations between the perturbation of glycosylation machinery and pathology have been well documented in a number of disease states. For example, in rheumatoid arthritis (RA) there is a decrease in the population of serum IgG sugars containing terminal galactose, which correlates with disease activity (28) and poor prognosis (29) . In PrP Sc , as with RA, there are no glycans associated with the diseased state that are not present in the normal glycoprotein. In the case of RA the changes in the glycosylation pattern of IgG may reflect a decrease in galactosyl transferase (GTase) activity (30, 31) . Interestingly, an alteration in GnTIII activity also was noted in RA where there was a Fab-specific increase in oligosaccharides containing a bisecting N-acetylglucosamine (32) . It remains to be determined whether the reduction in the activity of GnTIII in cells producing PrP The relative amounts of bi-, tri-, and tetraantennary glycans in PrP C are 51, 32, and 17%, and in PrP Sc are 37, 36, and 27%, respectively. Symbols are defined in Fig.  1 . In mammalian cells the GlcNAc transferases are a family of five enzymes that first initiate the conversion of oligomannose to complex or hybrid glycans by attaching GlcNAc in a ␤1-2 linkage to the Man␣1-3Man␤1-4GlcNAc2-Asn core (GnTI). This step is essential for the action of further processing enzymes including that of the core ␣6-fucosyltransferase and of GnTII, -IV, and -V, which mediate the substitution of additional GlcNAc residues in the trimannosyl core leading to the formation of bi-, tri-, and tetraantennary glycans respectively. GnTV cannot operate until GnTII has added GlcNAc to the 2 position of the mannose (Man) residue linked ␣1,6 to the core. GnTIII is the enzyme which links a GlcNAc residue to position 4 of the conserved pentasaccharide core. This substitution, which can occur at any point in the pathway, inhibits further branching of the sugars by preventing processing by GnTII, IV, or V. (36) , the sequence of the GPI anchor (39) , and the N-glycan analysis. The glycan structures (A3G3FBS3 at site 181 and A4G4FBS4 at site 197) were built by using the database of average crystallographic linkages (40) . The torsion angles around the Asn C␣-C␤ and C␤-C␥ bonds were adjusted to eliminate unfavorable steric interactions between the glycans and the protein surface. The GPI anchor is shown in two orientations with respect to the protein, (a) the GPI extends directly away from the protein maximizing the distance between the negatively charged glycans and the membrane surface and (b) with the positively charged face of the protein oriented toward the membrane surface (37) . There is likely to be considerable dynamic freedom at all the attachment points for the glycans. Table 2 . The structures and relative proportions of the glycans in Fig. 2 Av and Bv (Fig. 2 A and B These were assigned from the elution positions of standard glycans and previously determined values for the addition of monosaccharides to glycan cores. Arthrobacter ureafaciens ␣2-6 Ͼ 3 sialidase (S) ϩ almond meal ␣1-3͞4 fucosidase (F) ϩ bovine testes ␤1-3͞4 galactosidase (G) ϩ bovine kidney ␣1-6 fucosidase (F).
underlying cause of the down-regulation of GnTIII activity remains to be determined.
The prevalence of GnTIII in brain tissue compared with many other tissues has been demonstrated in mice (33) and many studies have shown an association of altered levels of bisecting GlcNAc with disease processes (17, (31) (32) (33) (34) (35) . Regulation of the human GnTIII gene (Mgat3) is complex and it has multiple promoters (34), suggesting that there are many points at which gene expression could be affected by cellular events. GnTIIIdeficient mice exhibited normal cellularity and morphology in a range of organs including brain (35) .
A molecular model for the region of PrP C (residues 90-231), corresponding to the protease-resistant core, is shown in Fig. 4 . Both of the N-glycans are attached to the region of the protein with the best defined secondary structure, the disulfide-bridged helix-loop-helix motif at the C terminus (36, 37) . This face of the protein has a net negative charge (37) , and thus the negatively charged glycans are unlikely to be involved in long-range interactions with the protein surface. The glycans will sterically hinder any direct protein-protein interactions with this face of the molecule, either intramolecularly, involving residues 1-90, or intermolecularly. On average, the sialic acids from each glycan contribute three negative charges to the glycoprotein; therefore, two glycans will increase the negative charge in this region significantly, and hence increase the overall dipole moment of the protein. Tri-and tetraantennary glycans, of which there are a higher proportion in PrP Sc , are both larger and more rigid than biantennary structures (38) . Two possible orientations are shown in Fig. 4 , one with the protein extending as far as possible from the membrane and one with the protein oriented so that its positive face is toward the membrane (37). In both cases, the region of the protein facing away from the membrane is covered by a glycan and protected from outside influences.
Both normal and pathogenic prion proteins display extensive heterogeneity in their glycan populations. The glycan analysis demonstrates that the same set of glycans are present on both the normal and diseased molecules and that the differences in the relative proportions of bi-, tri-, and tetraantennary glycans as well as the decrease in bisected structures in PrP Sc can be accounted for by a decrease in the activity of one enzyme, GnTIII. These findings suggest that some cells forming PrP Sc undergo a change that diminishes the activity of an enzyme in the glycosylation pathway. The cause and significance of this change, the impact of which might not be confined to the glycosylation pathway, remains to be determined.
